Abstract. Effect of atom substitution on the low-temperature phase transitions in binary Cd 6 Ca and Zn 6 Sc 1/1 cubic approximants were investigated by means of electrical resistivity and X-ray diffraction. By adding thirdelements such as Yb, Cu and Fe to the binary approximants, it is concluded that Yb is substituted to the icosahedron site in both Cd 6 Ca and Zn 6 Sc, and Cu and Fe are substituted to the Zn sites in Zn 6 Sc. Upon the substitutions of the third elements, the temperature of the resistivity anomaly decreases without an exception and the anomaly disappears above a certain level of substitutions. Moreover, it is found that the chemical disorder introduced in the 2nd shell of the icosahedral cluster plays a crucial role in the suppression of the ordering of the Zn tetrahedron. On the other hand, the chemical disorder introduced in the 3rd icosahedron shell affects the transition temperature (T c ) rather weakly. Finally, the variation of T c has been found to depend on the difference of the atomic radius between the host and the guest elements and the distortion of the outer shells is considered to be mainly responsible for the suppression of the ordering of the tetrahedra.
Introduction
The i-Cd 5:7 Yb [1] and the i-Cd 5:7 Ca [2] are the first binary icosahedral quasicrystals that are thermodynamically stable. In these systems, there are crystalline approximants Cd 6 Yb [3, 4] and Cd 6 Ca [4, 5] which have the same local structure as the corresponding icosahedral phases. These crystalline approximants are described as a bcc packing of an icosahedral cluster made of 66 atoms which is shown in Fig. 1 . The cluster consists of, from center, Cd tetrahedron, Cd dodecahedron, Yb or Ca icosahedron and Cd icosidodecahedron, and is surrounded by "glue" Cd atoms which fill the space in between the clusters. Most of the Cd 6 M (M ¼ rare earth) crystals and the Zn 6 Sc crystal are isostructural to the Cd 6 Yb and Cd 6 Ca approximants having the space group Im 3 3 and the orientation of the tetrahedron at the center of the cluster is disordered at room temperature. It is noted that in the Zn 6 Sc approximant, Zn and Sc atoms occupy the Cd and the M sites of the Cd 6 M approximant, respectively [6, 7] .
In 2002, a low-temperature phase transition was discovered in binary Cd-and Zn-based 1/1 cubic approximants [8, 9, 10] . Transmission electron microscopy (TEM) studies clearly revealed the formation of a superstructure below T c and the transition was attributed to orientational ordering of the tetrahedron at the center of the cluster. According to the structure model of Cd 6 Ca bellow T c , the Cd tetrahedra are ordered over two opposite orientations along the [110] direction of the high temperature bcc phase [11] . For the Zn 6 Sc approximant, the low temperature structure has been determined by powder X-ray diffraction, the result of which also shows the occurrence of a similar type of ordering [12] . Since the transitions seem a universal behavior over the Cd-and the Zn-based systems, much attention has been drawn to its unique origin.
Recently, it has been reported that the transition temperature (T c ) is dependent of the heat treatment condition, i.e., the sample quality, in Zn 6 Sc [12] , indicating that T c can be controlled by the amount of lattice defects in equilibrium in the case of Zn 6 Sc [13] . On the other hand, T c does not depend on the heat treatment condition in both Cd 6 Yb and Cd 6 Ca approximants [14] . However, it has recently been found that T c also depends on the sample quality in some other binary Cd-based approximants [15] .
The purpose of the present study is to obtain insight into the factors responsible for the magnitude of T c , in # by Oldenbourg Wissenschaftsverlag, München * Correspondence author (e-mail: tsunetomoyamada@mac.com) Fig. 1 . Tsai-type icosahedral clusters packed in a bcc lattice in Cd 6 M (M¼Ca, rare earth) and Zn 6 Sc. The atomic sites and Wyckoff notations for Zn 6 Sc. The atomic sites and Wyckoff notations after Lin and Corbett [7] . particular, to clarify the influence of the chemical disorder in T c in the binary Cd-and Zn-based cubic approximants. In the present work, a third element is substituted to the binary Cd 6 Ca and Zn 6 Sc approximants, and T c as well as the residual resistivity are measured with high accuracy in order to clarify the effect of the chemical disorder on the phase transition, and the main factors responsible for T c in the Cd 6 M (M ¼ Ca and rare earth) as well as Zn 6 Sc 1/1 cubic approximants will be discussed. The raw materials were put in an alumina crucible sealed inside a quartz tube under argon atmosphere. For the Cdbased systems, the raw materials were melted at 973 K for 24 h and annealed at 823 K for 100 h or 48 h. For the Znbased systems, the elements were melted at 1133 K for 48 h, and cooled at the rare of À5 K/h to 998 K and annealed for 100 h, followed by cooling at the rate of À5 K/h. Zn 17 Yb 3 approximants were prepared by melting the raw materials at 1023 K for 24 h and annealing at 773 K for 200 h, followed by cooling at the rate of À5 K/h. The phase purity of the samples was examined by powder X-ray diffraction with CuK a in a step scan mode with 2q angles between 20 and 80 using Rigaku RINT-2000. The lattice constant were determined from 15 0 3 reflection measured under a parallel beam condition in Znbased approximants. Electrical resistivity was measured by using an AC resistance bridge LR700 (Linear Research Inc.) in the temperature range between 15 and 300 K. [7] . Here, the peak positions and the intensity distribution of all the patterns are in good agreement with the pattern calculated from the structure model. In addition, the peaks arevery sharp as evidenced from well-splitting of the CuK a 1 and K a 2 components, indicating that the samples have high structural perfection with respect to the long-range order. First of all, the solution of the third elements into the approximant structures is inferred from the occurrences of single phases for all the studied compounds. Figure 3 presents the lattice constant of the Zn--Sc--M approximants as a function of the concentration of the third elements M (M ¼ Cu, Fe, Yb). The lattice constant is found to vary monotonously with the addition of the third elements indicating that the third elements are incorporated into the approximant structures. For the Zn--Cu--Sc 1/1 approximant, Lin and Corbett have performed structure refinement and shown that Cu occupies the Zn5 site, i.e., 2nd shell dodecahedron site [7] . In the case of the Zn--Sc--Yb system, there are two possible sites for Yb atoms to occupy; one is the 3rd icosahedron shell and the other is the center of the cluster, since Yb is located at the both sites in binary Zn 17 Yb 3 [16] . Among these two possible sites, the increase of the lattice constant by addition of Yb means that Yb occupies the 3rd icosahedron shell site, not the centerof the cluster, since the lattice constant would decrease when Zn4 tetrahedron is replaced by an Yb atom. For the Cd-based approximants, the change of the lattice constant is not clearly observed from diffraction patterns (not shown) mainly because of the close atomic radius between Ca and Yb. However, it is plausible to expect that Ca atoms are replaced by Yb atoms because the difference of the atomic radius between Ca/Yb and Cd are substantially large. Fig. 4(a) . Asseen from the figures, T c decreases without an exception as the third elements are substituted and the anomaly tends to become weakened by the substitution. Since T c 's are 100 K and 110 K for the binary 102 T. Yamada and R. Tamura Cd 6 Ca and Cd 6 Yb approximants, respectively, it might be expected that the substitution of Yb to Cd 6 Ca would increase T c as the composition Cd 6 Yb is approached. However, as seen from Fig. 4(a) , T c decreases with the addition of Yb from the beginning suggesting that T c is more sensitive to the chemical disorder introduced by Yb. On the other hand, a similar trend is also observed for the Znbased systems. For the binary Zn 6 Sc approximant, T c is 155 K for the present heat treatment condition. As seen from Figs. 4(b), (c) and (d), T c decreases with the addition of a third element in Zn--(Sc,Yb), (Zn,Cu)--Sc and (Zn,Fe)--Sc systems. Such trends with the addition of the third elements are also understood that T c is most sensitive to the chemical disorder. Thus, in all the cases studied the phase transition is found to be suppressed in the presence of the chemical disorder, i.e., the chemical disorder restrains the ordering of the tetrahedron at the center of the cluster. A difference between the Cd-and the Znbased systems lies in the fact that in Cd 6 Ca and Cd 6 Yb, T c is independent of the annealing condition whereas it sensitivity depends on the annealing condition, i.e., annealing temperature and time, in Zn 6 Sc. The reason is not clear at the moment but it might be explained by either less topological disorder or insensitiveness of the resistivity to the chemical disorder for Cd 6 Ca and Cd 6 Yb. Among the two cases, it might be the case that point defects are removed bya recovery process for the Cd-based approximants even at room temperature since the recrystallization temperature of a Cd metal is much lower than that of a Zn metal.
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Watanuki et al. have reported that T c increases under high pressure for Cd 6 Yb, indicating that the reduction of the space inside the 2nd dodecahedron shell promotes ordering of the tetrahedra [17] . One interesting fact concerning this point is that T c does not increase with the reduction of the lattice constant, i.e., the reduction of the space inside the 2nd dodecahedron shell, as seen in Figs. 4  (b), (c) and (d) , which means that thespace inside the 2nd shell plays a less important role in T c than the distortion of the cluster introduced by the chemical disorder.
A comparison between the Cd-(Ca,Yb) and Zn--(Sc,Yb) approximants shown in Figs. 4(a) and (b) reveals substantial difference in the dependences of T c on the kind of the third element. In both the cases, chemical disorder is introduced in the 3rd icosahedron shell by the substitution of Yb atoms. For Zn 85:5 Sc 13:5 Yb 1:0 and Cd 76 Ca 11 Yb 1 , the 3rd shell icosahedron contains 0.86 and 1.0 Yb atoms on average, respectively. An anomaly in the resistivity is clearly observed up to 1 at% Yb in the Cd--(Ca,Yb) system whereas the anomaly completely disappears in Zn--(Sc,Yb). Such a difference is understood by the difference in the atomic radii between Ca and Yb and between Sc and Yb. The atomic radii of Ca, Yb and Sc are 1.98 A, 1.94 A and 1.64 A, respectively [18] . Therefore, the distortion of the icosahedron is much larger for the Zn--(Sc,Yb) system, which is considered to be the reason for the larger reduction of T c . It is thus concluded that the ordering of the tetrahedron at the center of the cluster is suppressed by the distortion of outer shell, i.e., 2nd dodecahedron shell and 3rd icosahedron shell, which leads to weakening of the interaction between the neighboring tetrahedra.
Another insight into the transition mechanism is obtained by a comparison between the (Zn,Cu)--Sc and the Zn--(Sc,Yb) approximants since the third elements are substituted to different sites, i.e., Cu is substituted to the 2nd shell whereas Yb to the 3rd shell. For the substitution of 0.1 at% Cu and 0.1 at% Yb, T c is found to decrease from 155 K to 100 K and 135 K, respectively. When 0.5 at% Cu or 0.5 at% Yb is substituted, T c decreases further to 120 K for the Zn--(Sc,Yb) system and the anomaly disappears for the (Zn,Cu)--Sc system. Thus, the chemical disorder introduced in the 2nd shell plays a more crucial role in the suppression of the phase transition than that in the 3rd shell. On the other hand, in the (Zn,Fe)--Sc system, the behavior of T c is quite similar to that of the (Zn,Cu)--Sc system, which also suggests that the T c is dependent of the site that the chemical disorder is introduced.
Another interesting behavior in Fig. 4(a) is the complete disappearance of the anomaly for the Cd 72 Ca 6 Yb 6 , which corresponds to the replacement of half of the Ca atoms by Yb atoms. As seen in the figure, the resistivity of Cd 72 Ca 6 Yb 6 shows a non-Boltzman-type behavior and decreases drastically at low temperatures, which is reminiscent of a phase transition. However, a TEM study on this sample has shown no superlattice reflections even at about 16 K, suggesting that formation of a superlattice does not occur above about 16 K. The reason for the anomalous temperature dependence is not clear at the moment, but might be due either to the presence of a second phase or to the occurrence of phase transition different from what have been observed in the binary Cd 6 Ca and Cd 6 Yb approximants. Finally, it is noted that no anomaly is observed in the electrical resistivity of the binary Zn 17 Yb 3 approximant. The absence of an anomaly in Zn 17 Yb 3 is very plausible since there is no tetrahedron at the center of the icosahedral cluster, i.e., one Yb atom is situated at the center, and thus orientational ordering is not possible for this compound [16] .
In summary, the distortion of the icosahedral cluster caused by the introduction of chemical disorder is found to play a crucial role in the suppression of the orientational ordering of the tetrahedron for both the Cd-and the Zn-based approximants. The suppression works strongly when the chemical disorder is introduced in the 2nd shell of the icosahedral cluster and difference in the atomic radius between the host and guest atoms is large.
Conclusion
In the Cd-and Zn-based approximants substituted with third elements, the phase transition temperature has been found to be lowered without an exception, which is understood as a result of the introduction of chemical disorder. Such results mean that the chemical disorder suppresses the ordering of the tetrahedron at the center of the cluster. Moreover, a larger difference in the atomic radius between the host and the guest atoms is found to lead to stronger suppression of the ordering of the tetrahedra. On the other hand, the change of the lattice constant is found to be of less importance on the suppression of the transition. With respect to the type of the chemical disorders, those introduced into the 2nd shell play a more crucial role in the suppression of the phase transition compared with those introduced into the 3rd shell.
